Background. Enterovirus A71 (EV-A71) is the major cause of severe hand, foot, and mouth disease and viral encephalitis in children across the Asia-Pacific region, including in Vietnam, which has experienced a high burden of disease in recent years. Multiple subgenogroups (C1, C4, C5, and B5) concurrently circulate in the region with a large variation in epidemic severity. The relative differences in their evolution and epidemiology were examined within Vietnam and globally.
genogroup A, first detected in 1969, is now largely extinct; genogroup D is thought to be endemic in India [6] and E and F in parts of Africa [7] . Until 1997, the evolution of B and C genogroups was characterized by the emergence and serial replacement of subgenogroups: B2 replaced B1 that circulated for several years and C2 replaced C1 in epidemic countries [3] . However, the subsequent emergence of the severe form of EV-A71 in Asia coincided with the detection of multiple new subgenogroups (B0-B5, C0-C5), many of which continue to circulate. Countries experienced outbreaks with a 2-3-year cyclical pattern [5] , thought to be due to the accumulation of sufficient susceptible infants lacking prior exposure to the virus to maintain an epidemic [8] . Epidemic peaks are often observed in late spring to early summer in several Asian countries, suggesting temperature and humidity may influence transmission [9] . Furthermore, large epidemics are often associated with the introduction of antigenically distinct subgenogroups into a population, replacing subgenogroups that were endemic for many years [3] .
EV-A71 has been reported in Vietnam since 2003 [10] ; however, severe and widespread epidemics [11] [12] [13] were only observed following the introduction of genogroups C4 in 2011 and B5 in 2012 resulting in >300 000 cases and 225 fatalities during 2011-2013 [14] . Epidemiological parameters [12] and country-level migration patterns [13] of these epidemics are well understood. Outbreaks in Vietnam prior to 2011 were caused by C5, with the largest reported epidemic in 2005 associated with 173 cases; 51 with neurological complications and 3 fatalities [10] . Since 2011, HFMD has been classified by the Vietnamese Ministry of Health as a severe infectious disease with outbreak potential, which requires all hospitals to report cases weekly through the national communicable disease surveillance system [11] .
Our aim was to understand the differences in the long-term evolution and epidemiology of 4 EV-A71 subgenogroups, C1, C4, C5, and B5, which were detected in Vietnam during [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] [2013] . Using a globally representative dataset we inferred subgenogroup specific variation in migration patterns, temporal changes in genetic diversity, and natural selection.
METHODS

Clinical Information and Specimen Collection
Samples, including stool, throat swab, vesicle swab, or cerebrospinal fluid (CSF) (for severe cases) collected from patients with symptoms of HFMD during 2003-2013, in 29 provinces in central and southern Vietnam, were sent to the Institute Pasteur in Ho Chi Minh City for virus characterization. Anonymized sample metadata included patient age, date and province of sample collection, severity score as defined by the Vietnam Ministry of Health [15] , and disease outcome (Supplementary Table 1 ). This study was approved by the Ethics Committees of the Institute Pasteur in Ho Chi Minh City.
Virus Detection, Isolation, and Sequencing
Viral RNA was extracted from 6799 stool, throat swab, vesicle swab, or CSF using the QIAamp viral RNA extraction kit (QIAGEN), and tested by RT-PCR using previously described VP1-specific primers [10] . The RT-PCR-positive samples from 3200 patients were passaged in human rhabdomyosarcoma (RD) (ATCC CCL136) and African green monkey kidney (Vero) (ATCC CCL81) cell lines. To provide longitudinal data, 413 samples were selected for sequencing ( Figure 1A ). RNA was extracted from cell culture supernatant (as described above) and the VP1 gene amplified by RT-PCR using the Access RT-PCR System (Promega Co.) with primers 2349F (5′-GCYTAYATAATAGCAYTGGCGGCAGC-3′) and 3393R (5′-GGCGGTTRACCACYCTDAAGTTGCCCAC-3′).
Each reaction was incubated in a thermal cycler for 45 minutes at 48°C, 2 minutes at 94°C, 35 cycles of 94°C for 10 seconds, 50°C for 10 seconds, 65°C for 1 minute, and then at 65°C for 5 minutes. Amplicons were confirmed by 1% agarose gel electrophoresis and purified with a Wizard SV Gel and PCR Clean-Up System (Promega). The complete VP1 gene was sequenced utilizing the primers 2349F, 2757F (5′-GCHAAYTGGGAYATAGACATAAC-3′), 2780R (5′-CCCTRTATCTGTATTGDCC-3′), and 3393R, and analyzed by ABI 3130XL (Applied Biosystems Inc.); sequences were deposited in GenBank (KU887762-KU888174).
Phylogenetic Analysis
Viruses sequenced in this study were analyzed with EV-A71 sequences (complete VP1) obtained from GenBank (300 C1, 2803 C4, 43 C5, and 384 B5). Metadata for GenBank entries from Vietnam (n = 339) were obtained from submission authors where possible. Multiple sequence alignments were automated using MAFFT v.7 [16] . Alignments were screened for recombinant viruses using SBP (Single Break Point) and GARD (Genetic Algorithm for Recombination Detection) [17] accessed through the DataMonkey webserver of HyPhy [18] , and GENECONV, MaxChi, Chimaera, SiScan, and 3Seq, using the Recombination Detection Program v4.46 [19] .
Maximum likelihood (ML) trees were constructed using RAxML v8.0 [20] applying the General Time Reversible nucleotide substitution model with a gamma distribution of amongsite rate variation (GTR+G+I). Support for individual nodes was estimated with 1000 rapid bootstrap replicates. Trees were visualized and annotated using FigTree v1.4 (http://tree.bio. ed.ac.uk/software/figtree/). TempEst v1.4 [21] was used to plot root-to-tip genetic distances, and sequences not conforming to a linear evolutionary pattern were discarded. Time-measured evolutionary histories were reconstructed using Bayesian phylogenetic inference in BEAST v1.8.2 [22] using the GTR+G substitution model under a relaxed uncorrelated lognormal molecular clock to account for varied evolutionary rates among lineages [23] and a GMRF (Gaussian Markov Random Fields) Bayesian Skyride coalescent tree prior [24] . Three independent Markov chain Monte Carlo chains were run for 100 million steps and sampled every 10 000th generation, with the first 10% discarded as burn-in. Convergence and mixing of the chains were inspected using Tracer v1.5 (http://tree.bio.ed.ac. uk/software/tracer/); all continuous parameters yielded effective sample sizes greater than 200. A maximum clade credibility (MCC) tree was summarized using TreeAnnotator v1.7.4 [22] . Tracer v1.5 was used to plot the relative genetic diversity of individual datasets.
Site-Specific and Internal Versus External Branch Selection
Selection pressures were investigated using the SLAC (SingleLikelihood Ancestor Counting), FEL (Fixed Effects Likelihood), iFEL (internal branches FEL), MEME (Mixed Effects Model of Evolution), and FUBAR (Fast, Unconstrained Bayesian AppRoximation) (P < .01 or posterior threshold 0.9 to minimize false positives) [25] , available through the DataMonkey webserver of HyPhy [18] . The internal and external branchwise d N /d S ratios were estimated using the 2-model ratio in CodeML [26] .
RESULTS
Subgenogroup Prevalence in Vietnam
We sequenced the complete VP1 gene (891 nucleotides 
Patient Demography and Severity
Patient age was known for 713/752 samples. C4 infections were associated with moderately older children (median age = 2.0 years) compared to B5 (1.5 years) and C5 (1.5 years) with no significant change over time (Table 1) . Clinical severity scores were known for 696/752 patients and C4 infections were associated with the highest proportion of severity score 4 diagnosis ( Table 1 ). Survival outcome was only known for the 413 patients included in this study, with 35 recorded deaths associated with C4 (n = 33) and C5 (n = 2). Samples from this study arose from hospital-based syndromic surveillance that focused on collecting samples from cases with severity of 2b and higher, whilst previous studies included less severe cases in sample collection [11] [12] [13] . The differing criteria for sample collection may have biased these results.
Spatiotemporal Diversity of EV-A71
We coestimated time-resolved phylogenies and relative genetic diversity to infer virus origins and regional transmission network of the 4 subgenogroups detected in Vietnam (Figures 2  and 3 ).
Subgenogroup C1
C1 has circulated extensively around the world since the first detection in Australia in 1986 and has caused serial epidemics in Australia, Malaysia, and Singapore [1, 27] (Figure 2 ). Figure 3A) . We observed a distinct change in phylogenetic structure during 1996 ( Figure 2 ) coinciding with a bottleneck in the relative genetic diversity of C1 viruses ( Figure 3 ). This signifies a period when, with the exception of a lineage that was introduced into Malaysia in 1996, all other C1 lineages became globally extinct. All C1 viruses that attained sustained circulation in Europe and were sporadically detected elsewhere in Southeast Asia were derived from this sustaining Malaysian lineage (Figure 2, Supplementary Figure 3A) . Four C1 viruses were detected in Ho Chi Minh City and neighboring Tay Ninh province during 2005, suggesting limited transmission or that C1 circulated largely subclinically. These viruses clustered with European sequences, suggesting a single direct introduction into Vietnam followed by limited circulation in the population.
Subgenogroup C4
The C4 subgenotype, further divided into C4a and C4b, diverged as early as the mean TMRCA during mid-to-late 1996 (1996.7; HPD, 1996.2-1997.0) (Table 2, Figure 2 ). Following the first report from Japan in 1997 [30] , C4b was predominantly detected in China, with periodic detection in Taiwan, Thailand, and Europe (Supplementary Figure 3B) . Viruses belonging to the second lineage (C4a) were predominantly detected since 2007 in China, Japan, South Korea, Taiwan, Thailand, Cambodia, Vietnam, and parts of Europe (Supplementary Figure 3B) . The C4 tree exhibits a slender dominant trunk reflecting the serial extinction of lineages after each epidemic period ( Figure 3B ). There was sustained circulation of this lineage within Vietnam, with the South East and Mekong River Delta provinces acting as the sources of viruses that spread north. There was a rapid increase in genetic diversity of C4a circulating in Vietnam, peaking in mid-2011, followed by a moderate bottleneck and a small period of constant genetic diversity from late 2012 to 2013 (Figure 3 ).
Subgenogroup C5
Since the detection of C5 in association with an outbreak in southern Vietnam in 2003 [10] , this subgenogroup has been continuously detected in Vietnam with decreasing prevalence since 2012 ( Figure 1B) . Eleven C5 sequences available from other countries, including Taiwan, Thailand, Singapore, and Finland (Supplementary Figure 3D) , appear to be derived from Vietnam. Sampling dates suggest recent introduction of these viruses (Figure 2 ). These results suggest that C5 has been endemic to Vietnam over the past decade with periodic introduction to other Asian countries. However, there appears to be a lack of success of C5 outside of Vietnam as suggested by limited and sporadic detection (Figure 2, Supplementary Figure 3D 
Subgenogroup B5
B5 is exclusive to Asia with numerous outbreaks reported in Japan, Malaysia, Brunei, Singapore, and Taiwan [31] [32] [33] [34] Figure 3F) . B5 viruses circulated Vietnam-wide with sustained transmission between the southern and central provinces and limited introduction and circulation in the northern provinces, mainly limited to Hanoi (Supplementary Figure 3G) .
Differential Selection Pressures Between B and C Subgenogroups
The mean nucleotide substitution rate of the C4 subgenogroups (6.6 × 10 −3 ) was higher than other global subgenogroups, including C1 (4.3 × 10 −3 ), C5 (4.1 × 10 −3 ), and B5 (4.6 × 10 −3 ) ( Table 2) , and those estimated previously for the B and C genogroups [28] ; however, these rates fall within ranges described for RNA viruses [35] . Residue 98 was under positive selection in all C subgenogroups, while residue 145 was under positive selection in C1 and B5 (Table 2) . Among the Vietnam lineages, residue 43 of the B5 dataset was identified to be under positive section. A comparison of branch-wise d N /d S ratios of internal branches (ancestral nodes) and external branches (tips of the tree) show that there was a greater fixation of amino acids in the B5 dataset (internal vs external d N /d S ratio = 1.5) than the C subgenogroups (0.62-0.75). The passage of the viruses from these studies may have biased these results.
DISCUSSION
Our analysis of the genetic and epidemiological data provides key insights into the complex transmission network of EV-A71 throughout Southeast Asia, the effect of which extends beyond the region. We observed that subgenogroups attained long-term endemicity in specific countries that acted as genogroup-specific epidemic sources, including C4 in China, C5 in Vietnam, and B5 in Taiwan and Malaysia, whereas the epidemic source of C1 could not be ascertained. These Asian lineages have been introduced to Europe, revealing the importance the region plays in the global dominance of EV-A71. We also observe key differences in the evolution and epidemiology of the dominant B5 and C4 lineages, with a greater fixation of amino acids in B5 likely owing to the diversifying phylogeny. Taken together, the endemicity of subgenogroups in different countries of Southeast Asia, with periodic mixing and cocirculation, facilitate the continuous transmission of diverse EV-A71 viruses with the potential for recombination and emergence of novel subgenogroups.
The epidemiology of EV-A71 in Vietnam drastically changed from 2011 with switching of subgenogroup predominance observed for the first time, associated with increased severity and number of infected children [11-13, 15, 36] . The marked decrease in C5 detection after 9 years of sustained circulation coincided with the emergence of the C4 and B5 subgenotype introduced into Vietnam. Genogroup switching has been b Estimated using CodeML.
c The dominant monophyletic lineage in each tree was analyzed and each dataset was randomly subsampled to 80 to avoid any bias due to inconsistent sampling size across datasets.
observed in other countries in Asia, in particular Malaysia, Japan, and Taiwan, and European countries, including the Netherlands [3] . However, subgenogroup switching is not always evident; in China C4 circulated exclusively for a number of years and continually seeded new strains into global circulation [5] . Population immunity, within countries and globally, shapes the evolution of EV-A71. Our analysis revealed that subgenogroups exhibit differing evolutionary patterns, with B5 that predominantly circulated in Malaysia, Taiwan, and Vietnam under a greater selection pressure than C4 (Table 1) . However, we found that the C4 viruses introduced to Vietnam were under selection pressure (data not shown), similar to B5. This evolutionary pattern indicates that EV-A71 likely evolves as antigenic variants and this has significant implications for vaccine design, as over time vaccine formulations may need to be updated as new antigenic variants emerge.
Residue 43 of VP1 was identified as being under positive selection in the Vietnam B5 dataset and is located within a proposed immunodominant IgM and IgG epitope identified by EV-A71 antisera [37] . The change from E to K in a subset of isolates in 2013 suggests the emergence of an antigenic variant. Residue 145 of VP1 was identified as being under positive selection in the C1 and C4 global datasets, as well as being previously identified in B2, B3, and B4 datasets [28] . The selection of this residue across subgenogroups suggests particular importance in immune recognition or pathogenesis. Residue 145 is positioned at the canyon surface of the capsid and alterations in this residue influence receptor binding and thus may influence pathogenicity. The amino acid change G/Q has been proposed as a more virulent phenotype [38] . Based on the binding profile, EV-A71 is classified into two distinct phenotypes: P-selectin glycoprotein ligand-1 (PSGL-1 binding, PB) and PSGL-1-nonbinding (non-PB) viruses [39] . Residue 145 plays a critical role in PSGL-1 binding as this site acts as a molecular switch to change the binding profile [40] . Residue 145G and 145Q exhibit the PB phenotype and those with 145E have a non-PB phenotype, regardless of the subgenogroup. A nonhuman primate model suggested there is a strong in vivo selection of 145E variants, associated with the development of viremia and neuropathogenesis; 98.8% of the C4, 94.6% of C5, and 61.8% of B5 viruses had 145E residues, partly reflecting the differing severity observed in this study, with more severe disease associated with C4 and C5 infections compared to B5. Residue 98, reportedly in conjunction with residue 145, has also been associated with pathogenesis in this model [41] . However, these results have to be taken in consideration with possible mutations associated with adaption to cell culture and primates [41] .
Like other enteroviruses, EV-A71 is permissive to recombination events. The two recombinant strains identified in this study appeared to be sporadic events. Sequencing of the complete genome of Vietnamese isolates may identify more recombination events.
In conclusion, this study highlights the endemic regions of EV-A71 subgenogroups, which seed strains into the rest of Southeast Asia and beyond. There is a persistent transmission network occurring in Southeast Asia, with the sustained transmission of B5 highlighting the extensive pathways evident between countries in close proximities. Sustained pathways between more distant countries are evident in the transmission of C5 from Vietnam to Taiwan and the reciprocated transmission of B5. The movement of adults is possibly contributing to the rapid transmission of EV-A71 in Asia and globally, as adults with subclinical or asymptomatic infections likely act as a reservoir and contribute to the dissemination of EV-A71 in the population [42] . A greater understanding of the transmission dynamics of EV-A71 in Asia and the role adults play in the dissemination of strains is vital to inform public health strategies and vaccine design. Furthermore, subgenogroup switching periodically observed in many countries, along with the often-observed ladder-like phylogeny from these data, suggest temporal patterns of lineage replacement (akin to antigenic drift for influenza) that has significant implications for control and vaccine development [43] .
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